INTRODUCTION
As we commemorate the 100 years since the 1918 influenza pandemic, the threat of a potential new pandemic remains with influenza viruses undergoing antigenic drift and shift. Since the identification of human infections with the highly pathogenic avian influenza (HPAI) A(H5N1) viruses over two decades ago, these viruses have become endemic in poultry and wild birds in many countries. They continue to cause sporadic human infections with high disease severity and high mortality (≥50% fatality). By December 2018, the World Health Organization (WHO) reported 860 cases of human infections with A(H5N1) viruses since 2003.
1 A(H5N1) HPAI viruses display remarkable genetic and antigenic divergence, with very little to no immunity exists in the human population, highlighting the pandemic potential of these viruses. 2 To date, A (H5N1) viruses have evolved into 10 phylogenetically distinct first order HA clades and over 40 subclades. 3 Viruses from clades 0, 1, 2, and 7 have caused human disease, [4] [5] [6] but clade 1 and clade 2 viruses are responsible for most of the human infections. 4 Recently, A(H5N1) viruses derived from A/goose/Guangdong/1/1996 HA lineage have also reassorted with other avian influenza viruses, acquiring multiple neuraminidases (NA) subtypes, designated as A(H5Nx) viruses. 3 Although in recent years the number of A(H5N1) human infections has decreased, sporadic A(H5Nx) cases continue to occur. 7 Vaccination is a critical component of public health measures to protect the population against influenza infections. Previous studies have demonstrated that two doses of adjuvanted A (H5N1) vaccines administered as a prime-boost regimen are needed to elicit sufficient levels of antibody responses thought to confer protection. 8, 9 In the United States, development of national vaccine stockpiles is a cornerstone of the pandemic preparedness plans. 10 In addition, candidate vaccine viruses (CVVs) are developed to match emerging strains. However, rapid evolution of the A(H5Nx) viruses requires constant updating of such CVVs. In the face of a pandemic, the likelihood of antigenic mismatch between the pandemic strain and the existing stockpiled vaccine strains is fairly high. Even when the CVV to the pandemic strain becomes available, the existing vaccine manufacturing capacity may not be sufficient to provide enough quantities of matched vaccines rapidly to protect the entire population against the pandemic virus. Thus, improved influenza A(H5Nx) vaccination strategies utilizing existing stockpiled vaccines that can induce broader cross-reactive neutralizing antibody responses to emerging A (H5Nx) pandemic strains are highly desirable.
Recently, we demonstrated that heterologous boost vaccination with MF59-adjuvanted clade 2.3.4 A(H5N1) virus following a nonadjuvanted clade 1 virus prime can elicit modest cross-clade neutralizing antibodies against newly emerged A(H5Nx) viruses from clade 2.3.4.4. 11 In the current study, we evaluated the magnitude and the breadth of the cross-clade antibody responses following either homologous or heterologous prime-boost vaccination in adults against wild type A(H5Nx) HPAI viruses from 6 genetic clades that caused either human diseases or animal outbreaks in the recent years. We chose antigens and adjuvants that are currently a part of the US National Pre-pandemic Influenza 
RESULTS
Increased antigenic diversity of A(H5Nx) viruses pose challenges to the selection of stockpiled vaccines HPAI A(H5N1) and A(H5N8) viruses from genetic clades that caused human infections and animal outbreaks in recent years were selected to evaluate the breadth of the antibody responses following either homologous or heterologous prime-boost vaccination with A(H5N1) vaccines. A(H5Nx) viruses have diverged into multiple phylogenetic clades; 8 viruses from 6 genetic clades were included in the study (Supplementary Fig. 1 ). As characterized by primary infection ferret antisera (Table 1) , recent circulating A (H5Nx) viruses demonstrated increased antigenic diversity as compared to A/Turkey and A/Indo, two of the currently stockpiled vaccines based on older viruses that emerged over a decade ago. Ferret antisera generated against vaccine viruses A/Turkey and A/ Indo exhibited ≥4 fold reduction against most of the contemporary viruses from heterologous clades compared to the titers of the homologous vaccine viruses, by both HI and MN (Table 1) . Among all the viruses evaluated, the recently emerged A(H5N8) virus from clade 2.3.4.4 (A/gyrfalcon/Washington/410886/2014, A/GF/14) that caused multiple outbreaks in US poultry since late 2014, 12 had ≥128-fold two-way reduction by HI when compared to both vaccine viruses (Table 1) , suggesting the A(H5N8) virus is antigenically quite distant from the two stockpiled vaccines. Moreover, characterization by ferret antisera demonstrated that viruses from each of the genetic clades are antigenically distinct from those in heterologous clades, highlighting the challenges to select pandemic stockpiled vaccines based on single vaccine antigens.
HI and neutralizing antibody responses following homologous and heterologous vaccination in adults All participants received 2 doses of AS03 A -adjuvanted A(H5N1) vaccines (Table 2 ). In the heterologous prime-boost groups, the booster dose was administered around 18 months following the initial priming with A/Indo. Day 559 (day 10 post-boost) represents the peak of the antibody responses from all the time points at which sera were collected in the initial immunogenicity evaluation of this clinical trial, 13 thus were included in the current study to assess the breadth of the cross-clade antibody responses.
The majority of the participants were serologically naive to A (H5Nx) influenza viruses before receiving A(H5N1) vaccination with baseline titers below the limit of detection to almost all 8 A (H5Nx) viruses (GMTs: 5-8, 95% CI 5-10 by both HI and MN). Following vaccination, participants in heterologous prime-boost groups (groups 2 & 3) that only received one dose of A/Turkey post A/Indo prime had higher HI and MN antibody titers to the vaccine virus A/Turkey than those in the homologous prime-boost group (group 1) that received 2 doses of A/Turkey (Tables 3, 4) .
Compared with the homologous prime-boost group (group 1), subjects in the heterologous prime-boost groups (groups 2 & 3) also mounted stronger and broader cross-clade HI and MN antibody responses to antigenically diverse variants. HI (Table 3 ; Fig. 1a ) and neutralizing antibody titers (Table 4 ; Fig. 1b ) to all 8 viruses tested were higher in the heterologous prime-boost groups than those in the homologous prime-boost group. HI and neutralizing antibodies to the viruses from clade 2.1.3.2 (A/Indo and A/Indonesia/NIHRD-12379/2012, A/Indo/12) in heterologous prime-boost groups primed with another 2.1.3.2. virus (A/Indo) were significantly higher than the responses to these two viruses in the homologous prime-boost group which only received 2 doses of A/Turkey (p < 0.05, Fig. 1a, b) . Between the two heterologous prime-boost groups, the difference in antibody responses from high dose (group 2 at 7.5 µg HA/dose) versus standard dose (group 3 at 3.75 µg HA/dose) vaccination were not significant (Fig. 1a, b , p > 0.05).
Compared to antigenic characterization by primary infection ferret sera (Table 1) , antibody responses in humans following vaccination with two doses of AS03 A -adjuvanted antigens are broadened against viruses from heterologous clades, with lower reductions in titers and higher GMT ratios when comparing responses to heterologous clade versus those to the vaccine viruses (Fig. 1c, d ). Although A(H5N8) A/GF/14 virus is antigenically the most distant from the vaccine viruses (256-fold reduction in HI titers by ferret antisera to A/Turkey (Table 1) , surprisingly, following heterologous prime-boost vaccination, 34-40% of the subjects achieved post vaccination titer ≥40 and seroconversion by HI and 63-74% achieved the same criteria by MN to this A (H5N8) virus (Tables 3, 4 and Supplementary Table 1 ).
The US Food and Drug Administration (FDA) accelerated approval vaccine licensure criteria requires that based on HI titers, the lower limits of 95% CI for SPR are ≥70% and SCR are ≥40% for healthy adults. 14 In the current analysis, the heterologous primeboost group at 3.75 µg HA/dose (Group 3) achieved the best SPR rate, with lower limit of 95% CI of SPR ≥70% to 4 (by MN) and 3 (by HI) out of 8 viruses. The lowest antibody response was to the A (H5N8) virus from clade 2.3.4.4. It should be noted that subjects included in the current study were a subset that was randomly selected from strong responders to the vaccine components from the initial immunogenicity evaluation. 13 As such, these SPR and SCR do not necessarily reflect the performance of the study groups from the original randomized trial. Regardless, these data still suggest that heterologous prime-boost strategy with AS03 A-adjuvanted A(H5N1) A/Indo-A/Turkey vaccination, even administered at 18 months apart, may offer a broader range of cross-protection to drifted A(H5Nx) viruses.
Lastly, antibody responses to A(H5Nx) wild-type viruses from 8 clades measured by HI correlated well with neutralizing antibody responses measured by MN to each of the 8 viruses. The spearman correlation co-efficient (r) between HI and MN are r > 0.86 to 7 out of 8 viruses (p < 0.0001) and r > 0.58 for all 8 viruses (p < 0.0001) ( Supplementary Fig. 2 ).
Molecular and structural analysis of A(H5Nx) viruses Both heterologous prime-boost vaccination groups mounted higher antibody responses (p < 0.01) than the homologous group against A/Indo/12, a virus from clade 2.1.3.2. Sequences of A (H5Nx) viruses were structurally aligned, positions equivalent to A (H3N2) and A(H1N1) antigenic sites on the HAs were analyzed ( Fig. 2 ; Supplementary Table 2-5) . 15 Compared with A/Indo, A/ M.Z. Levine et al. Table 1 . Indo/12 has high sequence homology with 100%, 84%, 100%, 95%, and 93% amino acid sequence identity respectively in H3 equivalent HA antigenic sites A, B, C, D, and E 16, 17 (Fig. 2 and  Supplementary Table 3) , and ranged from 77 to 100% in amino acid sequence identity for positions equivalent to A(H1N1) antigenic sites ( Fig. 2 and Supplementary Table 5 ), suggesting that the elevated responses to this virus in the heterologous prime-boost is likely due to the inclusion of a similar virus A/Indo (also from clade 2.1. A(H5N8) virus (A/GF/14) has the lowest amino acid homology in antigenic sites compared to the vaccine viruses. It only has 64, 68% sequence identity compared to A/Turkey, and 61, 68% sequence identity compared to A/Indo in antigenic sites A and B, respectively (H3 equivalent antigenic sites) (Supplementary Tables  2, 3 ). Moreover, A/GF/14 has a hydrophobic residue alanine (Ala) at position 140, whereas other viruses all have a charged hydrophilic residue at this exposed position on the HA (Figs 2, 3 ). Taken together, these molecular and structural features of the A/GF/14 virus likely contributed to the lowest cross-clade antibody responses (Tables 2, 3 ) and GMT ratio to booster vaccine A/ Turkey (0.12-0.16 by HI and 0.09-0.12 by MN across all three groups, Fig. 1c, d ) detected to this virus following either homologous or heterologous prime-boost vaccination with A/ Turkey and A/Indo.
DISCUSSION
Identifying effective and efficient vaccination and stockpile strategies against a potential influenza pandemic is an essential component of the influenza pandemic preparedness. A primeboost vaccination utilizing existing stockpiled vaccines in combination with newly developed vaccines containing a CVV antigenically well-matched with the pandemic virus may offer a strategy to broaden the protective efficacy of the vaccines and ease the surge in demand for vaccine doses in the event of a rapid onset of the pandemic. Pre-pandemic stockpiled vaccines can be used to prime the high-risk populations either at the early stage of a pandemic (pandemic scenario), or in advance (pre-pandemic scenario), followed by a boosting dose of vaccine that is wellmatched with the pandemic strain when it becomes available. In addition, prior to the widespread availability of a well-matched pandemic vaccine, a prime-boost strategy solely based on the existing antigenically related stockpiled vaccines that offer partial protection against pandemic strains can also be of value. Here, we demonstrated that priming with a clade 2.1.3.2 antigen (A/Indo) followed by one booster dose of a clade 2.2.1 antigen (A/Turkey) broadened the cross-clade antibody responses to several antigenically drifted variants from 6 heterologous clades, including an antigenically distant A(H5N8) virus 18, 19 without compromising the antibody responses to the booster vaccine (A/Turkey).
HPAI A(H5N1) viruses have exhibited increasing genetic and antigenic diversity since their re-emergence in 2003. No viruses from one single H5 clade can serve as a vaccine that provides sufficient protection against all H5 viruses from heterologous clades. To-date, it is still impossible to predict which H5 viruses may gain efficient and sustained human-to-human transmission and cause the next influenza pandemic. Results from the current study, together with others, 11, 20 suggest that a heterologous prime-boost vaccination using A(H5N1) vaccine antigens with different antigenic properties may provide broader protection against novel strains by inducing more cross-reactive responses. In addition, the inclusion of oil-in-water emulsion-based adjuvants such as AS03 A and MF59 may further broaden antibody responses.
The design of a prime-boost antigen combination that can afford optimal coverage to emerging strains remains to be explored. Studies using primary infection sera generated in animals suggested that genetic distance based on the whole HA sequences do not always correlate with antigenic distance. 21 Residues on the viral hemagglutinin protein that are around the receptor binding sites, key antigenic sites and those that alter glycosylation are more likely to have bigger impact on altering virus antigenicity. [21] [22] [23] Furthermore, immune responses in humans following A(H5N1) vaccination can also be confounded by the use of potent oil-in-water adjuvants (for example stockpiled AS03 A and MF59), [24] [25] [26] multiple doses, and the complex immune exposure history to seasonal influenza viruses. Compared to antigenic characterization using post-infection ferret antisera, antibody responses in humans following A(H5N1) vaccination are broadened against viruses from heterologous clades, with less fold-reductions in titers and higher GMT ratios to antigenically drifted viruses versus those to the vaccine viruses, even among the current study participants that had no pre-vaccination titers to A(H5N1) (Fig. 1c, d ). Others also reported that a subset of the population have pre-existing antibodies to A(H5N1) viruses likely due to past exposure to seasonal viruses, and may influence their responses following A(H5N1) vaccination. 27, 28 In the current study, an A/Indo-A/Turkey prime-boost with AS03 A adjuvant elicited broad cross-clade antibody responses against multiple heterologous viruses. In subjects that were primed with an older antigen from clade 2.1.3.2 (A/Indo), a single booster dose with a clade 2.2.1 virus resulted in significantly higher antibody responses to a newer virus from the same priming clade (A/Indo/12) than those subjects that were not primed with A/Indo, suggesting a strong recall response to those shared epitopes between the older and newer clade 2.1.3.2 viruses in the heterologous prime-boost groups. Moreover, the addition of glycans on critical antigenic sites of the viruses may shield epitopes and alter antigenicity of the viruses. We hypothesize that an additional glycosylation site at position 140 in the antigenic site A of the two viruses from clade 2.3.2.1c and 2.3.2.1a may contribute to the moderate level of cross-reactivity detected to these two viruses following vaccination with A/Indo and A/Turkey, which both lack glycosylation site at this position. Likewise, a 11 Other studies also suggested that compared with non-adjuvanted antigen priming, priming with AS03 A -adjuvanted vaccines can promote stronger memory responses upon boosting with heterologous strains. 27 The differences in the cross-clade response against the antigenically distant A(H5N8) virus are likely due to the difference in antigen and adjuvant prime-boost combinations used in these studies. It is also to be noted that even in the heterologous prime-boost groups, licensure criteria was only achieved for some but not all of the antigenically drifted A(H5Nx) viruses.
A vaccination regimen that can induce long term immunity and provide protection to potential emerging pandemic strains is highly desirable for pandemic preparedness. 29 In a naïve population, two doses of A(H5N1) vaccination are needed to induce sufficient antibody responses to provide protection. Here, we demonstrated that in a primed cohort, a single booster dose administered 18 months after the original priming offered rapid (10 days post-boost) and broad coverage to a panel of genetically and antigenically diverse A(H5Nx) viruses, suggesting a strong recall of immune memory and quick expansion of the long-lived memory B cells and plasma cells capable of differientating into plasmablasts and secreting HI and neutralizing antibodies, even after 18 months post-priming. 29 The cross-clade heterologous antibody responses were detected by both HI and neutralizing assays with good correlation in titers. Moreover, there is no significant difference between the high and low HA dose heterologous prime-boost groups, consistent with previous studies that demonstrated the role of AS03 A on antigen sparing. 9 Pandemics can occur rapidly, even in the matter of weeks after emergence. 30 Our study only evaluated prime-boost schedule that is 12-18 months. In a pandemic setting, the relevance of heterologous prime-boost to broaden protection when the booster dose is administered at a short interval after the prime (e.g., 14-28 days) remains to be understood. Nevertheless, the long term booster schedule demonstrated in the current study offers flexibility in pre-pandemic planning. The quick rise and broad responses following a single booster dose of vaccine are encouraging. Surprisingly, even the homologous prime-boost group induced cross-reactive antibody responses to several A(H5Nx) drift variants, this could be especially valuable for countries that do not hold stockpiles of vaccines against multiple A(H5Nx) viruses.
Our study has several limitations, first, we could not include all A (H5Nx) viruses that caused recent human cases and outbreaks, as A(H5Nx) viruses continue to evolve, further studies may be needed when new antigenic variants emerge; second, our analysis is only focused on the strong responders from the immunogenicity evaluation of the original study, those that initially did not respond to the vaccine viruses would likely have little or no crossreactive antibody responses to A(H5Nx) antigenic variants; Third, the two dose of homologous vaccination were given at 6 months interval, whereas the two doses of heterologous vaccination were given at 18 months interval, this difference in vaccination intervals may impact the comparisons.
In conclusion, this study demonstrated that heterologous prime-boost with adjuvanted stockpiled A/Indo and A/Turkey antigens can induce broad and robust cross-clade antibody responses to recent emerging strains. Our results also suggest that the levels of cross-clade antibody responses against novel viruses vary, depending on the antigenic distance from the vaccine viruses. The use of potent adjuvants likely broadens the responses. The molecular, structural and antigenic determinants of A(H5Nx) viruses that can drive the breadth of the vaccine responses following a prime-boost strategy, and the mechanism of boosting of immune memory in humans against novel A(H5Nx) viruses, must be better understood in order to design the most effective vaccination strategies utilizing stockpiled vaccines against novel viruses that could cause an influenza pandemic.
METHODS

Clinical study and human sera
A(H5N1) vaccine sera were provided by GSK Vaccines. Stored sera were collected from healthy adults (≥18 years) enrolled in a GSK's A(H5N1) vaccine trial (Clinical Trials.gov: NCT00719043). 13 The original trial was a randomized, observer-blind, placebo controlled study including 7 study arms. 13 Sera from subjects in three study arms (Table 2 ) who received AS03 A (adjuvant system 03 containing 11.8 mg α-tocopherol and squalene in an oil-in-water emulsion) with homologous prime-boost (group 1), and heterologous prime-boost (group 2 & 3), were included in the current study.
All subjects received 3 intramuscular injections (2 vaccines and 1 placebo) during the course of 18 months (Table 2) . Subjects in the homologous prime-boost group (group 1) received two doses of AS03 A adjuvanted A/Turkey inactivated split virus antigen at 3.75 µg HA per dose (standard dose with AS03 A adjuvant), administered 12 months apart. Subjects from the heterologous prime-boost groups (groups 2 and 3) were primed with AS03 A -adjuvanted A/Indo inactivated split virus antigen at day 0, and boosted with AS03 A -adjuvanted inactivated split virus antigen A/ Turkey 18 months later. Subjects from the two heterologous prime-boost groups (A/Indo-A/Turkey) differed by the vaccine antigen doses received: they either received 7.5 µg (high dose, group 2) or 3.75 µg HA antigen per dose (low dose, group 3).
The subjects evaluated in the current study are a subset of strong responders that achieved seroconversion by HI from the original immunogenicity evaluation of the clinical trial, which represents 42.9% of the study participants in the homologous group that received 2 doses of A/Turkey (group 1), 87.5% of the participants from the heterologous group that received A/Indo-A/Turkey at 7.5ug HA per dose (group 2), and 84.1% of the participants from the heterologous prime-boost group that received A/Indo-A/Turkey at 3.75 µg HA per dose of vaccines (group 3). 13 Thirty-five subjects were randomly selected from strong responders for each of the 3 study groups that received either homologous or heterologous primeboost A(H5N1) vaccination.
Paired sera collected at day 0 (pre-vaccination), and day 559 (approximately 10 days post-last dose) were analyzed. All subjects included in the current study gave consent for the testing of stored sera. Serological assays Sera were tested by hemagglutination inhibition (HI) and microneutralization (MN) assays. All assays were conducted in Biosafety level 3 Enhanced (BSL3E) laboratories following select agent requirements defined by US Department of Agriculture and the Select Agent Program.
HI assays using horse erythrocytes A modified HI assay using horse erythrocytes was performed to measure HI antibody responses. 11 Human sera were heat inactivated, tested for nonspecific agglutinins and adsorbed with packed horse erythrocytes as needed. All sera were then treated with receptor destroying enzyme (RDE) at 37°C for 18-20 h, followed by heat inactivation prior to HI assays. Sera were two-fold serially diluted and incubated with 4 hemagglutination units (4HAU)/25 µl of virus for 30 min. Horse erythrocytes were added to the wells and incubated with virus and sera mixture at room temperature. Hemagglutination was read after 60 min. HI titer was defined as the reciprocals of the last dilutions of serum that completely inhibited hemagglutination. Antibody titers less than 10 (initial sera dilution) were reported as 5 for calculation purposes.
Microneutralization assays (MN)
MN assays were performed to measure neutralizing antibody responses. 31 Human sera were heat inactivated at 56°C for 30 min. Two-fold serial diluted sera were incubated with 100 tissue culture infectious dose 50 (TCID 50 ) of influenza viruses and incubated at 37°C 5% CO 2 for 1 h. The virus-sera mixture was used to infect 1.5 × 10 4 /well Madin-Darby Canine Kidney (MDCK) cells, and incubated for 18-20 h at 37°C with 5% CO 2 . After cold acetone fixation, the presence of influenza viral protein was quantified by an ELISA using influenza A nucleoprotein (NP) monoclonal antibodies. MN titers were defined as the reciprocal of the highest dilutions of serum that gave 50% neutralization. Antibody titers less than 10 (initial sera dilution) were reported as 5 for calculation purposes.
Molecular and structural analysis A(H5Nx) models were generated by homology modeling. 32 For structuralbased sequence alignment, HA surface residues were determined based on A/Vietnam/1203/2004 (pdb: 2fk0), 33 virus A(H5Nx) sequences were compared against A/Turkey. HA structural models were generated using PyMOL (Molecular Graphics System, Version 2.1.1 Schrödinger).
Statistical analysis
Geometric mean titers (GMTs) of at least 2 replicates were reported as final titers for HI or MN. For each study group, GMT and their 95% confidence intervals (CI) were determined. "GMT ratio" is calculated as the GMT to the test virus divided by the GMT to the vaccine virus post vaccination for each study group. Seroprotection Rate (SPR) is the proportion of the subjects (%) that achieved a post-vaccination titer of ≥40. Seroconversion is defined as a 4-fold or greater rise from pre-vaccination to post-vaccination titer with post-vaccination titers of ≥40. Seroconversion rate (SCR) is the proportion of subjects (%) that achieved seroconversion per study group. Statistical comparison was analyzed using ANOVA and paired two-sided t-tests. Sample random selection and statistical analysis were performed using SAS ® 9.3 and GraphPad Prism 5.
Reporting summary
Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
DATA AVAILABILITY
The data supporting the findings of the study are available from the corresponding author upon reasonable request.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons. org/licenses/by/4.0/. This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2019
